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Abstract 
In hot forging processes, an accurate prediction of temperature distribution is important because it affects not only the forging 
load but also the material flow itself and the distribution of material properties in forged parts. An oxide scale will form at the 
surface of steel when heated to high temperature. The heat flows through this scale layer from the high temperature material to 
the dies or air, thus for an accurate prediction of temperature distribution, a precise evaluation of the heat transfer coefficient of 
scales is required. In actual hot forging processes, the thickness and composition of oxide scales will vary with the composition 
of steel, heating temperature and time, or the atmosphere. In this study, the heat transfer coefficients of oxide scales, formed on 
the surface of medium carbon steel with various heating temperature and heating time, are measured. A model of heat transfer 
coefficients is obtained as a function of the thickness of each oxide contents layer and the contact pressure. 
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1. Introduction 
In recent years, forging processes become more complex to produce high quality, high precision and low cost 
forged parts. To achieve these requirements, computer simulation is an indispensable tool. In hot forging processes, 
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prediction of accurate distribution of temperature is very important because the micro-structure, flow stresses or 
surface conditions of the forgings strongly change with the temperature. Among many physical parameters related 
to thermal calculation, heat transfer coefficient is a parameter which is difficult to determine, because it is 
influenced not only by the combination of two contacting materials but also by contacting pressure and surface 
conditions including surface roughness, presence of lubricant or oxide scale. These factors are very complex, and 
thus the heat transfer coefficient has been treated as a constant value in most of present analyses for hot forging. 
Many researches have been carried out to determine the heat transfer coefficient between the tools and the 
forming materials. Jain (1990) measured the temperature change inside the contacting punch and determined the 
heat transfer coefficient using a steady state analysis of heat transfer. Chen et al. (1992) reported the heat transfer 
coefficient in hot rolling of aluminum by measuring the change of the temperature distribution in the strip. Li et al. 
(1998) conducted hot forging and hot rolling experiments with oxide scale formation, and compared the heat 
transfer behavior. Malinowski et al. (1994) developed an empirical relationship giving the heat transfer coefficient 
as a function of time, pressure and temperature. Nakanishi et al. (1996) measured the heat transfer coefficient for 
high temperature steel up to 780 ÛC, but the influence of surface oxide scale was not considered. Hu et al. (2013) 
reported that the heat transfer coefficient decreases as the thickness of scale increases for 900 ÛC heated steel.  
In general, oxide scale produced on the surface of high temperature steel has three layers, wüstite (FeO, inside), 
magnetite (Fe3O4, middle), and hematite (Fe2O3, outside). However, there is very few researches that treat these 
three layers in modeling of the heat transfer coefficient. 
In this paper, heat transfer coefficients of surface oxide scale formed on middle carbon steel for various 
temperatures, heating times and contact pressure, are measured. From these results, a calculation model for heat 
transfer coefficient is constructed as a function of thickness of three oxide layers and the contact pressure. 
2. Experiments 
2.1. Experimental procedure 
Fig. 1 shows the photo and schematic view of experimental tools. Middle carbon steel S45C (JIS) is used for the 
workpiece and SKD11 (JIS) for the punch. Zirconia is used for the lower die as a heat insulator. The workpiece is a 
cylinder, which dimensions are I20 mm in diameter and 15mm in height.  
The specimens are heated to a certain temperature (820, 930, 1030 and 1180 ÛC) and retained at that 
temperature for a specified time (10, 20, 30 and 60 min) in an air atmosphere furnace. The specimens are then 
moved onto the die in 8 sec, and contacted to the punch. Temperature change inside of the punch is measured by a 
K-type thermo-couple inserted at the distance of 0.5 mm from bottom surface of the punch with constant pressure 
(50, 100, 150, 200 and 250 MPa). The heat transfer coefficient is determined by comparing measured temperature 
change with that of the finite element analysis with various heat transfer coefficients.  
The condition of the oxide scale is observed by SEM. The thickness of the scale is measured from this image 
data. 
 
         
Fig. 1. Experimental configuration (a) photo and (b) dimensions of experimental tools. 
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2.2. Analysis conditions 
Fitting curves for heat transfer coefficient are obtained by finite element analysis which is calculated with the 
same conditions as for the experiments. DEFORM-2DTM is used for the analysis. The workpiece is assumed to be 
rigid plastic. Flow stress for the workpiece is obtained by a compression test for each heating temperature. SKD61 
and zirconia is assumed for the punch and the lower die, respectively. Heat conductivity, heat capacity for each 
material are referred from database in DEFORM-2DTM.  
In analysis, it is calculated as cooling in air for first 4 seconds, and cooling on lower die for next 4 seconds.  The 
heat transfer coefficients between the workpiece and air, the workpiece and lower die are 0.1 and 1.0 kWm-2K-1, 
respectively, which are determined from measured cooling temperature curve.  An example of the measured 
temperature change (heating temperature 1030 ÛC, holding time 10min, contact pressure 250 MPa) and fitting 
curves are shown in Fig. 2.  For this condition, the heat transfer coefficient is determined as 10 kWm-2K-1.  
 
 
Fig. 2. Punch temperature change and fitting curves. 
3. Results and discussions 
3.1. Oxide scale thickness 
The relation between total thickness of the oxide scale and holding time is shown in Fig. 3(a), and heating 
temperature in Fig. 3(b). From these figures, it can be seen that the thickness of the oxide scale increase as the 
heating temperature and/or holding time increase. 
 
   
Fig. 3. Relation between thickness of oxide scale and (a) heating temperature and (b) holding time. 
(a) (b) 
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3.2. Influence of oxide scale thickness on the heat transfer coefficient 
Fig. 4 shows the relation between thickness of oxide scale and the heat transfer coefficient for the heating 
temperature 1030 ÛC.  The heat transfer coefficient decreases as the thickness of oxide scale increases, and 
becomes close to zero. Same results are obtained for other heating temperature conditions. This indicates that the 
heat conductivity of the oxide scale is much lower than that of steel.  
Generaly, oxide scale formed on high temperature steel has three layers, FeO, Fe3O4 and Fe2O3. It is considered 
that different contents oxide scales have different thermal properties, thus each layer has a different influence on 
heat transfer coefficient. In this study, thickness ratio of each layers are measured and taken into the model of the 
heat transfer coefficient.  
 
Fig. 4. Influence of oxide scale thickness on heat transfer coefficient. 
3.3. Influence of contact pressure on the heat transfer coefficient 
Fig. 5 shows the influence of the contact pressure on the heat transfer coefficients. Heat transfer coefficients 
become large when the contact pressure become large. Both oxide scale and the punch have surface roughness, 
thus the true contact area ratio (true contact area/apparent contact area) between these two objects is less than 1. It 
can be considered that the projections of surface roughness collapse when the contact pressure becomes large, and 
the contact area increases. This causes the heat transfer coefficient to be increased.  
 
 
Fig. 5. Influence of contact pressure on heat transfer coefficient. 
10min 
30min 
60min 
1030ºC 
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3.4. Modeling of the heat transfer coefficient 
Fig. 6 shows the cross section of a sample with the oxide scale for heating temperature 1130 ÛC and holding 
time 60min. Three oxide layers, FeO, Fe3O4 and Fe2O3 can be seen. The heat transfer coefficient is determined as a 
reciprocal of the sum of thermal resistance for each oxide layer and each interface. In this study, it is assumed that 
the thermal resistance between workpiece and FeO or between each oxide layer is small compared to the others 
because it can be considered that these interfaces are in close contact. Thus we considered only the thermal 
resistance inside each oxide layer due to the thermal conduction and the interface thermal resistance between the 
surface of the outer oxide layer and the punch. The heat transfer coefficient can be described as Eq. (1). 
hc  1 RFeO  RFe3O4  RFe2O3 Rint  ,  (1) 
where RFeO, RFe3O4, RFe2O3 are the thermal resistance of each oxide layer, respectively, and are functions of each 
layer’s thicknesses di  and the thermal conductivities Oi .  
Ri  
di
Oi
  i  FeO,  Fe3O4,  Fe2O3 
,  (2) 
where Oi  are determined from literature (Takeda et al.(2009)), and OFeO  8,  OFe3O4  4,  OFe2O3  4 (kW m2 K1)
are used.  
di  are obtained by measuring SEM images of oxide scale. Fig. 7 shows the change of the thickness of each 
oxide layer for heating temperature 1130ºC. It can be seen that not only the total thickness of the oxide scale but 
also the ratio of the thickness of each layer changes. 
                    
   Fig. 6. Cross section of oxide scale (heating temperature                     Fig. 7. Thickness change of each oxide layer (heating  
   1130ÛC, holding time 60min.).                                                                           temperature 1130ºC) 
 
Rint in Eq. (1) represents the interfacial thermal resistance between the scale and the punch, and is a function of 
contact pressure. From Fig. 6, it can be seen that the heat transfer coefficients increase as the contact pressure 
increase, but the increase rate becomes small when the contact pressure becomes large. This agrees with the fact 
that the true contact area ratio increases but saturates to 1 with a high contact pressure. So we modeled the relation 
between heat transfer coefficient and contact pressure as Eq. (3). 
hcpr  A  1 exp B P   ,  (3) 
where P is the contact pressure. A and B are constants and determined by least square method with experimental 
results. Calculated and experimetal results using Eq. (3) are shown in Fig. 8. The results show that the proposed 
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calculation model is valid to explain the influence of contact pressure. The interfacial thermal resistance Rint can be 
obtained as a reciprocal of hcpr. 
Obtained each thermal resistances are substituted in Eq. (1). The relation between thickness of oxide scale and 
heat transfer coefficients are shown in Fig. 9. Calculated heat transfer coefficients show good agreement with the 
experimental results. 
 
Fig. 8. Calculated and experimental results of heat transfer coefficients as a function of contact pressure. 
 
Fig. 9. Comparison of calculated and experimental results of heat transfer coefficient. 
4. Conclusions 
Heat transfer coefficients of oxide scale formed on the surface of high temperature middle carbon steel are 
measured for various temperatures, holding time and contact pressure. A calculation model for the heat transfer 
coefficient is constructed as a function of thickness of three oxide layers and different contact pressures. The 
calculated heat transfer coefficient using the proposed model shows good agreement with experimental results. 
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